We report the fabrication of a novel and highly active nanocatalyst system comprising electrospun carbon nanofiber (CNF)-supported ruthenium nanoparticles (NPs) (Ru@CNF), which can reproducibly be prepared by the ozone-assisted atomic layer deposition (ALD) of Ru NPs on electrospun CNFs. Polyacrylonitrile (PAN) was electropsun into bead-free one-dimensional (1D) nanofibers by electrospinning. The electrospun PAN nanofibers were converted into well-defined 1D CNFs by a two-step carbonization process. We took advantage of an ozone-assisted ALD technique to uniformly decorate the CNF support by highly monodisperse Ru NPs of 3.4 ± 0.4 nm size. The Ru@CNF nanocatalyst system catalyzes the hydrolytic dehydrogenation of methylamine borane (CH 3 NH 2 BH 3 ), which has been considered as one of the attractive materials for the efficient chemical hydrogen storage, with a record turnover frequency of 563 mol H 2 /mol Ru × min and an excellent conversion (>99%) under air at room temperature with the activation energy (E a ) of 30.1 kJ/mol. Moreover, Ru@CNF demonstrated remarkable reusability performance and conserved 72% of its inherent catalytic activity even at the fifth recycle. KEYWORDS: atomic layer deposition, ruthenium nanoparticles, carbon nanofibers, electrospinning, catalysis, hydrogen generation, methylamine borane, ammonia borane ■ INTRODUCTION Heterogeneous catalysis plays a vital role in modern energy and chemical industries.
■ INTRODUCTION
Heterogeneous catalysis plays a vital role in modern energy and chemical industries. 1 Therefore, there has been an immense research endeavor to fabricate supported catalytic nanoparticles (NPs) which are highly active, easily recyclable, simply scalable, reproducible, robust, and straightforwardly prepared. In this context, numerous studies have been conducted for the development of support materials such as metal−organic frameworks, 2 zeolites, 3 polymers, 4 metal oxides, 5 and carbon materials, 6 and a range of techniques have been employed to decorate metallic NPs on the aforementioned supports. 7, 8 Particularly, atomic layer deposition (ALD) has become an attractive tool to deposit catalytic metal and metal oxide nanostructures on a variety of supports in recent years. 9−13 ALD is a chemical vapor deposition technique, which utilizes gaseous organometallic precursors to produce atomically precise nanostructures and films in cyclic manner. 14 The self-limiting nature of ALD ensures precisely controlled, uniform, and conformal growth of films and nanostructures on high surface area and porous materials. 9, 11, 14 Electrospinning is a versatile, simple, and cost-effective fabrication technique, which utilizes electrostatic forces to generate one-dimensional (1D) nanofibers from polymer solutions. Submicron range 1D structured fibers produced by electrospinning offer a range of advantages such as high surface area to volume ratio, easily tuned mesoporous properties, tunable fiber diameters and surface functionalities, and the capability to control nanofiber composition to get the required properties and function. 15 Owing to the versatility of the technique, the electrospun 1D fibers have been found promising in a variety of applications such as catalysis, tissue engineering, water treatment, energy conversion, and storage. 15−17 Herein, we combined the advantages of two unique fabrication techniques, namely, electrospinning and ALD, to prepare a novel nanocatalyst which is highly active, reusable, nearly nonleaching, and durable. Electrospinning was utilized to synthesize electrospun carbon nanofibers (CNFs) as the support material. Then, nearly monodisperse ruthenium (Ru) NPs (3.4 ± 0.4 nm) were deposited on the as-synthesized CNF support by the ALD technique, which are hereafter referred to as Ru@CNF. The O] were purchased from Sigma-Aldrich. All chemicals were used as received and without further purification. MeAB was synthesized according to the literature procedure. The catalytic materials isolated at the end of the synthesis were stored in a Labsconco nitrogen atmosphere glovebox (H 2 O < 5 ppm, O 2 < 1 ppm). Deionized water was distilled through the water purification system (Milli-Q water purification system). All glassware and Teflon-coated magnetic stirring bars were washed with acetone and copiously rinsed with distilled water before drying in an oven at 150°C.
Electrospinning. The PAN solution was prepared with 13% (w/v, with respect to solvent) concentration in DMF at 50°C and then cooled down to room temperature. The clear PAN solution was loaded to a 3 mL syringe having a needle of 0.4 mm inner diameter. A 0.5 mL/h flow rate was adjusted by a pump (KD Scientific, KDS 101), and a voltage of 15 kV was applied by high-voltage power supply (Matsusada, AU Series) to initiate electrospinning. The PAN nanofibrous web was collected on an aluminum foil, which was positioned at 10 cm from the end of the tip. The electrospun PAN nanofibers were left in a hood for 72 h to get rid of the residual DMF if any.
Synthesis of Electrospun CNFs. The as-prepared electrospun PAN nanofibrous web was placed on a furnace and heated up to 280°C at the heating rate of 1°C/min and held for 1 h under air flow. The sample was allowed to cool down to room temperature, followed by passing argon gas (100 sccm) for 30 min before the carbonization step. The sample was carbonized at 800°C under argon environment with a heating rate of 5°C/min and held for 1.5 h at 800°C.
Synthesis of Ru@CNF by ALD. Ru NPs were grown on CNFs using a Savannah S100 ALD reactor (Ultratech Inc.). The CNF was dispersed in ethanol and deposited on a clean silicon wafer substrate and was let to dry at room temperature. The sample was loaded to the ALD reaction chamber having a temperature of 290°C. Bis-(ethylcyclopentadienyl)Ru(II) (Ru(EtCp) 2 ) precursor was preheated to 100°C, and O 3 was used as the counter reactant. N 2 was used as the carrier gas with a flow rate of 20 sccm. O 3 was produced from a pure O 2 flow with a Cambridge NanoTech Savannah Ozone Generator. 150 ALD cycles were performed to deposit the Ru NPs on CNF.
Hydrolytic Dehydrogenation of AB and MeAB. The hydrolytic dehydrogenation of aqueous AB and MeAB solution was surveyed by the volumetric measurement of the rate of hydrogen evolution. The volume of the released gas during the reaction was monitored using a gas burette through water displacement. Prior to starting the reaction, a jacketed one-necked Schlenk tube (20.0 mL), of which the temperature was adjusted by circulating water through the jacket from a constant temperature bath, containing a Tefloncoated stirring bar was placed on a magnetic stirrer. In a typical catalytic activity test, the catalyst was weighed and transferred into the Schlenk tube, to which 8.0 mL of H 2 O was added, followed by rigorous stirring for 15 min to achieve a thermal equilibrium. Next, 2.0 mL of aqueous AB and MeAB solution (100 mM in 10.0 mL of H 2 O) was added into the reaction flask via its septum using a 1.0 mL gastight syringe, and the catalytic reaction was started (t = 0 min) by stirring the mixture at 900 rpm.
Kinetic Studies for Ru@CNF-Catalyzed Hydrolytic Dehydrogenation of MeAB. To obtain the activation energy (E a ), the hydrolytic dehydrogenation of MeAB ([MeAB] = 100 mM) in the presence of Ru@CNF ([Ru] = 0.01356 mM) was performed at different temperatures (15, 20, 25 , and 30°C) by following the same protocol given above.
Catalytic Stability of Ru@CNF in the Hydrolytic Dehydrogenation of MeAB. The catalytic stability of Ru@CNF in the hydrolytic dehydrogenation of MeAB was assessed via catalytic recyclability experiments. The recyclability of Ru@CNF in the hydrolytic dehydrogenation of MeAB was determined by a series of experiments started with a 10.0 mL aqueous MeAB solution (100 mM in 10.0 mL of H 2 O) at room temperature. Instantaneously after the achievement of >90% conversion in the first catalytic run, another equivalent amount of fresh MeAB was added to the reaction mixture, leading to further hydrogen evolution.
Environmental Scanning Electron Microscopy. The morphology of electrospun PAN nanofibers and CNFs was imaged by an FEI Quanta 200 FEG environmental scanning electron microscope with an ETD detector. Electrospun PAN nanofibers were sputter-coated with 5 nm of gold/palladium prior to imaging.
X-ray Photoelectron Spectroscopy. Samples were stabilized on a copper tape and then were analyzed by a Thermo K-alpha monochromatic high-performance X-ray photoelectron spectrometer. Survey and high-resolution X-ray photoelectron spectroscopy (XPS) spectra were recorded with 2 and 50 scans respectively.
Powder X-ray Diffraction. The samples were analyzed by a PANalytical X'Pert powder diffractometer. All data were recorded by using Cu Kα radiation in the range of 2θ = 10°−80°.
Elemental (CHNS−O) Analysis. A total of 2 mg of CNF and 8 mg of vanadium (V) oxide were loaded into a tin container. 2,5-(Bis(5-tert-butyl-2-benzo-oxazol-2-yl))thiophene was used as the standard for calibrations. The measurements were performed by a Thermo Scientific FLASH 2000 series CHNS−O analyzer.
Scanning Transmission Electron Microscopy. An FEI Tecnai G2 F30 transmission electron microscope was used to image the samples. A minute amount of samples was first dispersed in ethanol, followed by dropping 10 μL of the mixture on a carbon-covered copper grid, and the product was let to dry at room temperature.
Inductively Coupled Plasma−Mass Spectroscopy. Ru@CNF (2 mg) was kept in 4 mL of aqua regia for 4 days. Standards of Ru having 500, 250, 125, and 62.5 ppb concentrations were prepared in 2% solution of HNO 3 /HCl (1:1) for calibration curve. A 2% solution of HNO 3 /HCl (1:1) was used as the blank. Ru@CNF in aqua regia was passed through a cellulose filter to get rid of undissolved CNF and then was diluted ∼100 times by 2% solution of HNO 3 /HCl (1:1) for inductively coupled plasma−mass spectroscopy (ICP−MS) analysis. A Thermo X series II inductively coupled plasma−mass spectrometer was used to record the measurements. The ICP−MS operating parameters were as follows: dwell time10 000 ms, channel per mass1, acquisition duration7380, channel spacing0.02, and carrier gasargon.
Brunauer−Emmett−Teller Analysis. A small amount of CNF and Ru@CNF (∼50 mg) was weighed into an analysis tube and degassed under high vacuum at 80°C for 720 min. The analysis was conducted after reweighing the degassed sample. The Brunauer− Emmett−Teller (BET) surface areas were determined from N 2 adsorption isotherms by multipoint analysis.
■ RESULTS AND DISCUSSION
1D structured carbon-based nanomaterials have attracted significant attention owing to their superior properties including facile synthesis, large-scale production, low cost, high surface area, excellent mechanical and conductivity properties, high chemical resistance, and structure flexibility. 20, 21 The CNFs to support Ru NPs were synthesized in the following two steps. The PAN viscous solution having 13% (w/v, with respect to solvent) concentration was electrospun to produce well-defined and bead-free PAN nanofibers. 22 The PAN nanofibers having a diameter in the range of 300−500 nm were imaged by a scanning electron microscope ( Figure  1a,b) .
The electrospun PAN nanofibers were converted into desired CNFs by a two-step carbonization process. 23 First, PAN nanofibers were gradually heated (1°C/min) up to 280°C under air to stabilize the nanofibers. This step is called oxidative stabilization, which is crucial for conservation of nanofibrous morphology. The next step was to carbonize the stabilized PAN nanofibers at 800°C under inert argon atmosphere to get well-defined CNFs (Figure 1c,d ). Owing to loss of hydrogen and nitrogen atoms during stabilization and carbonization steps, we observed the shrinkage in diameters of CNFs to 200−350 nm (Figure 1d) .
To investigate the chemical composition of the produced CNF, we conducted XPS and CHNS−O elemental analysis. The survey spectrum shown in Figure 2a reveals the presence of three peaks at 284, 400, and 532 eV, which corresponds to carbon (C), nitrogen (N), and oxygen (O) species, respectively. When these three peaks were quantified, the CNF consisted of 82.82% C, 13.33% N, and 3.05% O. We further analyzed CNF by elemental analysis showing the presence of 1.13% hydrogen (H) atom and 14.4% N. Highly reactive radicals form during the course of carbonization at 800°C
. These radicals react with water vapor or oxygen as soon as CNFs are exposed to air forming hydroxyl groups. The presence of trace amount of H and O atoms could be due to the formation of hydroxyl groups on CNF. 24 It is well-known that not only the extent of N-doping of support materials but also the chemical environment of N has a significant effect on catalytic reactions. Therefore, we conducted high-resolution XPS of N 1s to acquire qualitative and quantitative information regarding N species present in the chemical structure of CNF. The deconvoluted N 1s spectra of CNF point out the presence of different nitrogen species such as pyridinic (397.9 eV), nitrile (399.6 eV), and quaternary (400.9 eV) nitrogen ( Figure  2b) . 24 The powder X-ray diffraction (PXRD) pattern of CNF displays the typical characteristic of turbostratic carbon ( Figure  2c ), which is similar to that of the graphitic structure with a huge interlayer distance between the graphene sheets (002 planes). 24 Synthesis of highly monodisperse metallic NPs with a uniform coating of support material is extremely essential to obtain accurate details regarding the catalytic performance of the catalyst system. To this end, we employed the thermal ALD technique to decorate CNFs with Ru NPs. To date, several ALD processes are investigated for Ru growth using different metal−organic precursors along with oxygen, oxygen plasma, and ammonia plasma as reactant gases. 25−27 Ru growth with aforementioned reactant gases usually suffer from nucleation delays, high surface roughness, and low growth rate. 28 It was shown that ozone (O 3 ) as the reactant gas can be used for the smooth growth of Ru. 28 Ru(EtCp) 2 was used as the Ru precursor, and O 3 was used as the reactant gas. Ru(EtCp) 2 was preheated to 100°C to generate a gaseous precursor, and the ALD reaction chamber was kept at 290°C during deposition. After 150 cycles of Ru deposition on CNF, we observed the growth of well-dispersed and highly monodisperse Ru NPs (Figure 3a,b) on CNF (Ru@ CNF) as imaged by high-angle annular dark field−scanning Figure S1 ). The high-resolution TEM (HRTEM) image (Figure 3d ) of Ru@CNF shows the crystal plane of Ru(101), and the corresponding plane spacing was measured to be 0.2 nm. 28, 29 This result is in good agreement with the value acquired by PXRD of Ru@CNF (Figure 4a ). 28 To further investigate the oxidation state of Ru species, we conducted high-resolution XPS for Ru@CNF. Because the binding energy of Ru 3d overlaps ( Figure S2 ) with C 1s (284 eV), therefore, we analyzed the Ru 3p 3/2 region (458−468 eV). The deconvolution of Ru 3p XPS spectrum (Figure 4b) To gain more insights into how uniformly the Ru NPs are deposited on the surface of CNF, we conducted elemental mapping for Ru@CNF from a large area of the sample. The SEM images of Ru@CNF with elemental mapping for C, N, O, and Ru depicted in Figure 5a −e indicate that (i) there is a highly uniform distribution of Ru in Ru@CNF and (ii) there exists no bulk Ru outside of Ru@CNF. A size distribution graph (Figure 5f ) was constructed from the STEM images ( Figure S3 ) by randomly counting ∼100 Ru NPs using ImageJ software to assess the size and monodispersity of Ru NPs produced by ALD. The Ru NPs have an average size of 3.4 ± 0.4 nm. We further conducted BET analysis to estimate the surface areas of CNF and Ru@CNF materials ( Figures S4 and  S5) . The surface areas of 63.4 g/m 2 for CNF and 24.5 g/m 2 for Ru@CNF were determined from N 2 adsorption isotherms by multipoint analysis. Finally, we performed ICP−MS to calculate the percentage loading of Ru. The digested Ru@ CNF in aqua regia measured by ICP−MS revealed 0.4% Ru loading on CNF.
The catalytic activity of Ru@CNF was examined in the hydrolytic dehydrogenation of MeAB by measuring the volume of hydrogen gas generated during the reaction (Scheme 1) and by 11 B-{ 1 H}-NMR spectroscopy to identify the reaction products. Among the materials for hydrogen storage, 32−35 AB, amine-borane, and its derivatives such as MeAB have been considered as one of the attractive materials for the efficient chemical hydrogen storage. 18, 19 Up to date, the catalysts tested in the hydrolytic dehydrogenation of MeAB are graphenesupported core@shell-type Ag@M (M = Co, Ni, and Fe) NPs, 19 Cu@Co NPs, 36 Ag@CoNi NPs, 37 Ru@Co NPs, 38 Ru@Ni NPs, 39 and MCM-41-encapsulated Ru NPs. 40 Among these catalytic architectures, Ru-based systems provide high activities in the hydrolytic dehydrogenation of MeAB.
Before testing the catalytic activity of Ru@CNF, the catalytic reactivity of the pristine CNF host material was examined under the same conditions (vide infra). The result of this experiment showed that the CNF host material is catalytically inactive in the hydrolytic dehydrogenation of MeAB. Then, Ru@CNF-catalyzed hydrolytic dehydrogenation of MeAB was performed at various temperatures (15, 20, 25 , and 30°C). The plot of mole of evolved H 2 per mole of MeAB versus the time graph for Ru@CNF-catalyzed hydrolytic dehydrogenation of MeAB at various temperatures is given in Figure 6a . As expected, the rate of hydrogen generation is enhanced by the increase of the reaction temperature, and Ru@CNF can catalyze the hydrolytic dehydrogenation of MeAB at complete conversion under air at temperatures ≥25°C. Moreover, we observed that at low temperatures (20 and 15°C), Ru@CNF cannot provide the complete conversion of MeAB. The same problem has already been reported for other catalytic systems tested in the hydrolytic dehydrogenation of MeAB. 36, 37 The most plausible reason of this situation is the inefficient activation of B−N bond on the Ru NP surface at low temperatures. 41 The initial TOF values were determined to be 120, 337, 563, and 1500 mol H 2 /mol Ru × min at 15, 20, 25, and 30°C, respectively. To the best of our knowledge, the initial TOF value obtained by Ru@CNF for the room-temperature hydrolytic dehydrogenation of MeAB (563 mol H 2 /mol Ru × min) at complete conversion is the highest catalytic activity value recorded for this catalytic transformation ( Table 1) . The observed rate constants were found to be k obs = 0.00163, 0.0458, 0.0763, and 0.0.2033 mol H 2 /(mol MeAB × min.) at 15, 20, 25, and 30°C, respectively. These observed rate constants (k obs ) were used to construct the Arrhenius plot ( Figure S6 ). From the slope of the Arrhenius plot, the activation energy (E a ) for the Ru@CNF-catalyzed dehydrogenation of MeAB was found to be 30.1 kJ/mol. This value is lower than those obtained by Cu 0.2 @Co 0.8 /reduced graphene oxide (r-GO) (55.9 kJ/mol), 36 Ru@Ni/r-GO (37 kJ/mol), 39 and Ru/MCM-41 (47.6 kJ/mol) 40 catalysts in the hydrolytic dehydrogenation of MeAB. In addition to the volumetric measurement of the hydrogen gas generated from the Ru@ CNF-catalyzed hydrolytic dehydrogenation of MeAB, the conversion of MeAB to methylammonium metaborate (Scheme 1) was also examined by comparing the signal intensities of MeAB and metaborate anion at δ = −18.4 and Figure S7 ).
19,36−38
Although we did not perform the experiments to investigate the mechanistic insights for the Ru@CNF-catalyzed hydrolysis of MeAB, we believe that the Ru@CNF-catalyzed hydrolysis of MeAB proceeds through the same mechanism with metalcatalyzed hydrolysis of AB (NH 3 BH 3 ) as pointed out by Xu and Chandra. 42 It involves the interaction of MeAB with the surface of Ru NPs to form an active complex at the transition state. The active complex is then attacked by water molecules that lead to the dissociation of B−N bonds to produce borate anion and methylammonium cation along with H 2 release.
We also performed a control experiment in which the catalytic reactivity of Ru@CNF was investigated in the catalytic hydrolysis of AB under identical conditions with those of MeAB ( Figure 7 ). As shown in Figure 7 , Ru@CNF-catalyzed hydrolytic dehydrogenation of AB proceeds faster than that of MeAB, which can be explained by the higher reducing reactivity of AB with respect to that of MeAB. 43 The initial TOF value of Ru@CNF in the hydrolytic dehydrogenation of AB was found to be 1400 mol H 2 /mol Ru × min, which is almost 2.5 times higher than that obtained with Ru@ CNF in the hydrolytic dehydrogenation of MeAB. Moreover, this value is higher than that obtained by the Ru@r-GO catalyst (TOF = 600 mol H 2 /mol Ru × min), which had been known as the most active heterogeneous catalyst for the hydrolysis of AB. 44 Additionally, we examined the catalytic performance of precatalyst RuCl 3 to catalyze the hydrolytic dehydrogenation of MeAB under identical conditions with those of Ru@CNF ( Figure S8 ). The initial TOF value of RuCl 3 (TOF = 2250 mol H 2 /mol Ru × min) is almost 4.0 times higher than that of Ru@CNF, but the sole stabilizer present in the system is the weakly coordinating chloride anion, which cannot provide enough stabilization for the resulting Ru NPs. For this reason, these Ru NPs have lost their activity at 53% conversion because of the aggregation of Ru NPs into the bulk Ru, which was seen by the naked eye in the solution.
The catalytic stability of Ru@CNF was investigated by testing the recyclability performance of Ru@CNF in the hydrolytic dehydrogenation of MeAB. In the recyclability experiments, fresh aqueous MeAB was added into the reaction solution when all MeAB from the previous run was converted to H 2 and CH 3 NH 2 BO 2 , and by this way, the reaction was continued up to five consecutive cycles. As given in Figure 6b , the Ru@CNF nanocatalyst provides complete conversion of MeAB dehydrogenation by retaining 72% of its inherent catalytic activity even at the fifth recycle. The morphological investigation of the recovered catalyst from the fifth recycle was performed by SEM and STEM analyses. The fiber morphology was still preserved for Ru@CNF ( Figure S9) , and inspection of STEM image ( Figure S10 ) of the recovered Ru@ CNF catalyst revealed slender clumping Ru NPs supported on CNF, which explains the observed slight decrease in the catalytic activity at the fifth recycle. The leaching possibility of Ru NPs from CNF to reaction solution throughout the recyclability experiments was also investigated by performing ICP−MS analyses on aliquots of the reaction solutions taken at the end of first, third, and fifth recycles, in which no Ru was detected, confirming the retention of Ru NPs on the CNF framework. The existence of N-containing groups on the surface of CNF helps in the stabilization of CNF-supported Ru NPs against agglomeration and sintering. It is well-known that N-containing ligands in both colloidal form 45, 46 and surfaceimpregnated form 47 act as a good stabilizer for the metal NPs. We also investigated the XRD and XPS analyses of the recovered catalyst from the fifth recycle ( Figure S11) . A slight broadening of the Ru signals in the XRD spectrum is observed when compared to that of fresh Ru@CNF catalyst. Meanwhile, the XPS analysis of the recovered Ru@CNF catalyst reveals the presence of 83.8% metallic Ru, which is almost the same with fresh Ru@CNF catalyst consisted of 85.3% metallic Ru. Taking all the results together, it is concluded that Ru@CNF acts as a highly durable nanocatalyst against leaching, sintering, and clumping, which makes it a highly efficient and recyclable heterogeneous catalyst for the hydrolytic dehydrogenation of MeAB and AB.
■ CONCLUSIONS
In summary, we combined the advantages of electrospinning and ALD techniques to fabricate a highly active and reusable nanocatalyst system. Well-defined 1D CNFs were produced from electrospun PAN nanofibers. The resulting CNFs were uniformly decorated by highly monodisperse Ru NPs of 3.4 ± 0.4 nm size using the ALD technique. Ru@CNF has reproducibly been synthesized and characterized by the combination of multipronged techniques. The resulting Ru@ CNF nanocatalyst revealed a record activity (563 mol H 2 /mol Ru × min), excellent conversion (>99%), and remarkable reusability performance for the room-temperature hydrolytic dehydrogenation of MeAB under air. Ru@CNF was shown to be nearly nonleaching and conserved 72% of its inherent catalytic activity even at the fifth recycle. Likewise, Ru@CNF catalyzed the hydrolysis of AB to generate 3 mol of H 2 , with a remarkable TOF of 1400 mol H 2 /mol Ru × min at room temperature. This uniquely active and stable catalytic material has strong potential to be exploited in practical applications, where AB and MeAB are utilized as a viable hydrogen carrier in mobile fuel cell applications.
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